The development of blue materials with good efficiency, even at high brightness, with excellent color purity, simple processing and high thermal stability assuring adequate device lifetime is an important remaining challenge for organic light-emitting didoes (OLEDs) in displays and lightning applications. Furthermore, these various features are typically mutually exclusive in practice. Herein, four novel green and blue light emitting materials based on a monothiatruxene core are reported together with their photophysical and thermal properties, and performance in solution-processed OLEDs. The materials showed excellent thermal properties with high glass transition temperatures ranging from 171 °C to 336 °C and decomposition temperatures from 352 °C to 442 °C. High external quantum efficiency of 3.7 % for a deep blue emitter with C.I.E. color co-ordinates (0.16, 0.09) and 7% for green 
emitter with color co-ordinates (0.22, 0.40) was achieved at 100 cd/m 2 . The efficiency observed was exceptionally high for fluorescent materials with a photoluminescence quantum yield of 24 % and 62%, respectively. The performance at higher brightness was very good with only 38% and 17% efficiency roll-off at 1000 cd/m 2 . The results indicate that utilization of this unique molecular design is promising for efficient deep blue highly stable and soluble light-emitting materials.
Introduction
Advanced organic materials for organic electronics and photonics have been of particular interest in the past decade. Highly photoluminescent compounds have found numerous applications in fluorescent sensors, [1] [2] [3] [4] [5] biomarkers, [6] [7] [8] [9] organic light-emitting diodes (OLEDs), [10] [11] [12] [13] [14] [15] and organic photovoltaics (OPV). [16] [17] [18] [19] [20] Particular emphasis has been placed on OLED and OPV technologies as a means to solve world energy problems, by enabling energy-saving light sources, and sustainable electric energy from the sun. OLED technology is particularly interesting for its potential to be used both for solid-state lighting, and in numerous display applications. The evolution of key emissive components in this respect has evolved from fluorescent materials [21] to platinum group phosphorescent emitters based on cyclometallated heterocyclic compounds, [22] [23] [24] to more recently, single-molecule emitters based on triplet-triplet annihilation (TTA), [25] [26] [27] [28] thermally activated delayed fluorescence (TADF), [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] hybridized local and charge-transfer excited states (HLCT), [41] and horizontally-oriented materials. [42] [43] [44] [45] [46] According to spin statistics, charges injected into OLED active layers recombine to give 75 % triplets and 25 % singlets. This imposes a severe limitation on fluorescent emitters because in traditional fluorescent organic materials only singlet excitons lead to radiative decay and then generate light. This gives four times lower efficiency than noble-metal-based devices since higher efficiency is achieved with phosphorescent iridium-based metallacycle emitters in which strong spin-orbit coupling of the heavy-metal center enhances intersystem crossing. However, the high price of platinum metals, lack of stable long-lifetime blue emitting phosphors, and lower electroluminescence efficiency under high current densities, [47, 48] call for alternative solutions. Solution-processing is desirable for large area coating and brings additional materials requirements such as high solubility, which can be problem for some metal complexes in organic solvents. [49] These concerns hinder OLED technology from realizing its full potential for cheap lighting and large screen display applications.
The recent development of organic materials that display TADF and TTA phenomena have
shown that even pure organic compounds can harvest both singlets and triplets to give highly efficient OLEDs. In the TADF approach, a small energy gap between the triplet and singlet allows Reverse Intersystem Crossing (RISC) from the first excited triplet state (T1) into the first excited singlet state (S1) which can be achieved by spatial separation of the donor and acceptor parts of molecules to give a singlet-triplet gap small in comparison to thermal energy.
Additionally, the efficiency of light extraction in OLEDs is typically in the region of 20-30 %, [50] so even devices with high internal quantum efficiency (IQE) are limited by this factor. Light extraction can be increased by attaching scattering refracting or diffracting light structures outside or inside of the device. [51] Moreover, careful design of the emitting molecules leading to horizontal orientation of the light-emitting transition dipoles can enhance light outcoupling efficiency and give values of the external quantum efficiency (EQE) as high as 35% (device based on iridium complex). [52] Our research interest in truxenes and heterotruxenes has prompted us to investigate these in the context of the TADF-emitters and horizontally-oriented materials fields. Recent utilization of horizontally oriented TADF emitters demonstrated extremely high EQEs at the level of 37% for sky-blue, [53] and 29% for orange-red. [54] . Truxene and triheterotruxenes are well known discotic liquid crystal materials, [55] [56] [57] and so are excellent candidates to realise horizontal orientation. Furthermore they are known to have excellent thermal and photochemical stability, [58] for instance, bare monosulfonyltruxene core (TrxSO2) presented here has glass transition temperature of 119 ºC, melting point of 256 ºC and decomposes at 357 ºC. [59] It is conceivable that appropriate functionalisation by donor and acceptor groups could additionally make them TADF emitters as has been very recently reported by utilization of triazatruxene substituted with three peripheral acceptors leading to green organic lightemitting diode devices with external quantum efficiency over 30% at 76 cd/cm 2 .
[60]
Truxene possesses a C3-symmetrical heptacyclic π-conjugated central core and was used as a material for two-photon absorption [61] , OLEDs, [62] [63] [64] organic field effects transistors, [65] dyesensitized solar cells, [66] organic lasers [67] and fluorescent probes. [68, 69] . We have recently reported the first synthesis of monothiatruxenes, [59] merging two classes of molecules, truxene and trithiatruxene, to provide a platform for diverse structural modification. This has been followed by introducing other heteroatoms to truxene core like oxygen, leading to oxatruxene, a molecule with enhanced fluorescence quantum yield in comparison to its allcarbon counterpart by factor of 4. [70] Bright blue light-emitting materials for application in displays are of high demand but they need to meet certain criteria of color purity: Commission Internationale de L'Eclairage coordinates (CIE x, y) of (0.14, 0.08) are required by the National Television System Committee (NTSC) while High-Definition Television (HDTV) ITU-R BT.709 requires a deeper blue emission with CIE x, y of (0.15, 0.06). Typically, in the literature the deep blue emission is defined as having a CIE coordinates y < 0.15 and x + y < 0.30. [71] In the review from 2017 [72] "the bluest" TADF emitter with CIE coordinates (0.15, 0.07) obtained efficiency of 9.9 % but at 0.1 cd/m 2 , very low impractical luminance. At higher brightness of 300 cd/m 2 the EQE dropped below 1%. [73] This is a typical behaviour of deep blue emitters as it is difficult to design material that will simultaneously inject electrons and holes into such wide band-gap organic semiconductor as the deep color of emission is obtained by restricting the π-conjugation length, therefore inhibiting carrier injection and transport. [74] State of the art OLED materials with CIE coordinates close to above values namely: x≤0.16 and y≤0.10, are depicted in Table 1 . OLED display under 0 to 5000 lux conditions in order to reproduce high-image-quality). [75] Additionally, compounds with donor-acceptor structures suffer from great efficiency roll-off at higher brightness as presented in Table 1 [76] In this work, we have studied new monothiatruxene derivatives as green, sky-blue and deepblue emitting materials, possessing high thermal stability and solubility for spin-coated [77] OLEDs, leading to external quantum efficiencies 2-3 times higher than those expected for fluorescent emitters with luminance as high as 10 000 cd/cm 2 and low efficiency roll-off. Novel target materials (Scheme 1) were synthesized from our previously reported di-and tribrominated monothiatruxene [59] with solubilizing ethyl groups via Buchwald-Hartwig amination for carbazole (Cz) and dipehylamine (DPA) as substrates or Sonogashira coupling in the case where the reacting group was terminal alkyl. The yields of the reaction vary from very good 86% for Sonogashira coupling through good 72-73% for Buchwald-Hartwig diamination to moderate 53% for tris-amination. The design of the final materials has been chosen to test the influence of the number of substituents and the π-spacer. Backbone acts as an electron acceptor and para or meta connected diphenylamine and carbazole serve as strong and weak donors, respectively. Introduction of weaker donor as carbazole in combination with sulfone unit should be especially interesting as has been previously shown that this type of structure makes deep blue emitters. [71] In 2ATPATrxSO2, phenyl acetylene was introduced between truxene core and dipheylamine in order to increase the locally excited (LE) component by extending π-conjugation and increasing photoluminescence efficiency while keeping the same donor strength. The chemical structure and purity of the emitters was confirmed with 1 H and 13 C NMR, mass spectrometry, elemental analysis and X-ray crystallography. Full experimental details and characterization can be found in the supporting information.
X-ray crystallographic analysis
In order to gain further insights into these material the structure of 2CzTrxSO2 has been studied by single-crystal X-ray diffraction (Figure 1) . The data of X-ray analysis are summarized in Table S reported. [59] Two different values of dihedral angles of 51º and 79º between carbazole substituents and truxene core were observed. Based on these results, this planar molecular structure should possess good stability under exciton formation and good thermal stability to provide long lifetime of the manufactured devices.
Thermal properties
To study the thermal properties of presented materials thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC) were used, as shown in Table 2 and Figures from S6 to S10 in ESI. Obtained values of glass transition temperatures can be explained by comparing molecular weight and symmetry of molecules. Therefore, the highest value of 336 ºC has been observed for the heaviest molecule 2ATPATrxSO2, this should be followed by second heaviest molecule 3CzTrxSO2 but due to unsymmetrical substitution of the third carbazole it has lower Tg than 2CzTrxSO2. The very high glass transition temperatures are desirable for OLEDs being the most important factor which affects device stability, because materials with low Tg can easily crystallize during driving operation, resulting in reduced device lifetime. [78, 79] Therefore, presented approach show the advantage of using truxene to
give branched structures to confer solubility. In contrast the commonly used strategy of using aliphatic side-chains to enhance solubility can lead to an undesirable lowering of glass transition temperature. [80] As expected the lowest value was observed for the material 2DPATrxSO2 with more elastic diphenylamine substituents. The same trend has been observed for decomposition temperatures ranging from 352 ºC for 2DPATrxSO2 to 442 ºC for 2ATPATrxSO2 with less than 20% mass loss for three of presented materials at temperature as high as 500 ºC. All the compounds exhibit excellent thermal properties and furthermore are readily solution processable to make good films.
Photophysical properties
The photophysical properties of materials were analysed by UV-vis and photoluminescence (PL) measurements. The absorption spectrum of thin films, photoluminescence spectra in toluene solution at room temperature and 77 K, neat thin films and doped in host material are displayed in Figure 2 .
All compounds reveal a weak lowest-energy absorption band which can be attributed to the intramolecular charge-transfer (ICT). Compared with carbazole, absorption maximum λabs= 350 nm, the triphenylamine (λabs= 394 nm) and diphenylamine (λabs= 400 nm) modified structures exhibit a red shifted absorption in neat films, which can be attributed to the stronger electron donor ability of TPA and DPA.
The same trend is observed in the fluorescence spectra of degassed toluene solutions the emission maximum red shifts with the number of donor groups: 2Cz λfl= 430 nm, 3Cz λfl= 440 nm and donor strength 2TPA λfl= 450 nm, 2DPA λfl = 475 nm. On the other hand, in PL spectra of neat films the order is altered with λfl= 460 nm for 2Cz and 3Cz and redshifted determined from the onset of phosphorescence bands in toluene solutions at 77 K were estimated to be at 2.30 eV, 2.37 eV, 2.52 eV and 2.54 eV for materials with diphenylamine with phenyl acetylene, diphenylamine, three carbazoles and two carbazoles as substituents, respectively. While singlet energy levels were determined from the maximum of the emission in deaerated toluene solution. In the present series, compounds 2DPATrxSO2 has the smallest ΔEST gap, around 0.24 eV, while compounds 2CzTrxSO2, ATPATrxSO2 and 3CzTrxSO2 have larger gap from 0.34 eV, 0.46 eV and 0.30 eV, respectively. These energy differences are within the range of TADF (typically below 0.37 eV), [81] mechanism for three of the studied compounds. Only 2ATPATrxSO2 has energy gap higher than that required to realize TADF mechanism possible. Although, these determinations have been done for toluene solutions where 2ATPATrxSO2 showed weak phosphorescence intensity with additional weak band at 2.64 eV, to give ΔEST= 0,12 eV, which has not be taken into consideration. Moreover, 2ATPATrxSO2 showed the biggest polarity/dilution influence on the emission peak position, therefore TADF mechanism might be anticipated in this case as well. This has been supported by recording PLQY in aerated and degassed toluene solution where 2ATPATrxSO2
showed the biggest increase, when degassed, from 58% to 62% while 2DPATrxSO2 from 19% to 21%, while 2CzTrxSO2 and 3CzTrxSO2 showed no difference. Although, no longlived emission was observed in degassed solutions as the lifetime of emission were around 2 ns for all the studied materials (see Table 3 ). To investigate this further, solid state measurements were done. Here, on other hand both 2CzTrxSO2 and 3CzTrxSO2 were found to have three components with the longest component of 15% and 7% contribution and 45 and 36 ns lifetime under vacuum for 3Cz and 2Cz derivative, respectively. While 2DPATrxSO2 and 2ATPATrxSO2 had only one delayed component with 10 ns and 8 ns lifetime, and 4%
and 7% contribution, respectively. A summary of the photophysical data is presented in Table   1 ; for more detailed information see supporting information (SI). A summary of the photophysical data is presented in Table 3 .
Electrochemical properties
Cyclic (CV) and square-wave voltammetry (SWV) was performed to investigate the electrochemical behaviour of the materials. All of the investigated compounds showed both oxidation and reduction processes. As shown in Figure 3 , 3CzTrxSO2 and 2DPATrxSO2 display two oxidation processes while 2CzTrxSO2 and 2ATPATrxSO2 display only one. The lowest oxidation potential is observed for diphenylamine substituted truxenes 2ATPATrxSO2 and 2DPATrxSO2, followed by meta-and para-substituted truxene with carbazole 3CzTrxSO2. Moreover, the second oxidation potential is observed for 3CzTrxSO2 at 0.92 V, which is close to the value of 0.88 V observed for 2CzTrxSO2 designating this oxidation to meta-substituted carbazole.
On the basis of the maximum of the potentials from SWV, the highest occupied molecular orbital (HOMO) and the lowest occupied molecular orbital (LUMO) energy levels were estimated and presented in Table 4 .
Electroluminescence
The electroluminescence (EL) characteristics of using these materials as emitters were evaluated using multilayer OLEDs manufactured by spin-coating the hole injection and transport layers and evaporating the electron transport layer and cathode. The structure of the fabricated devices, shown in [82] also horizontal orientation of transition dipole moments can be expected.
Conclusion
In conclusion, four new green, sky-blue and deep-blue emitters for solution-processed
OLEDs have been demonstrated. The efficiencies observed are two to three times higher than for conventional fluorescent emitters of the same photoluminescence quantum yield.
Achieving EQE over 2% at luminance of 1000 cd/m 2 is extremely unusual for deep blue emitters based on donor-acceptor structure, especially with excellent thermal properties as compounds studied here. Additionally, two of studied materials can achieve high brightness, required for application in OLED lighting, with the efficiency up to 3.4 % at 10 000 cd/m 2 .
Therefore, our novel approach utilizing monothiatruxene shows a very promising strategy toward stable blue emitters with short luminescence lifetime.
Experimental Section
General: NMR spectra were recorded on a Bruker (400 and 500 MHz) spectrometers for Solution UV-visible absorption spectra were recorded using a Jasco V-670 UV/vis/NIR spectrophotometer controlled with SpectraManager software. Photoluminescence (PL) spectra were recorded with a Fluoromax-3 fluorimeter controlled by the ISAMain software. All samples were measured in a 1 cm cell at room temperature with dichloromethane as solvent.
Quinine sulfate in 0.1 N H2SO4 (Φ= 0.51) was used as the standard for the fluorescence quantum yield determination, and a correction for solvent refractive index was made.
Films were prepared by spin-coating from dichloromethane solution at a concentration of 10 mg/ml onto quartz substrates with a spin speed of 2000 rpm. For blends the ratio of CBP to the studied material was 93:7 wt %. Photoluminescence spectra and quantum yields in thin film were recorded using an integrating sphere in a Hamamatsu C9920-02 measurement system. [83] Measurements were performed at room temperature and the integrating sphere was purged with nitrogen. The excitation wavelength was 325 nm or 380nm.
The fitting for the time-resolved photoluminescence is tri- (Fig. S2 and S3 ) and di-exponential ( Fig. S4 and S5 ) fitting. The equation is expressed as y=y0+A1*exp(-x/t1)+A2*exp(-x/t2)+A3*exp(-x/t3). The average lifetime is calculated to be t=A1*t1+A2*t2+A3*t3, where A1+A2+A3=1.
All cyclic voltammetry measurements were carried out in freshly distilled CH2Cl2 using 0. Ferrocene was used as the internal standard in each measurement.
Crystallographic data were collected using Agilent Technolo-gies SuperNovawithCuKa (l 141.54178 A) radiation at 120K. X-ray diffraction data were only observed up to a resolution of 1 Å and so the data set was cut at this resolution. This triggers a few checkCIF alerts. The model refines well, despite the weak data set.
Differential Differential scanning calorimetry (DSC) and Thermogravimetric analysis (TGA)
were performed on NETZSCH STA 449F1 under nitrogen atmosphere in DSC/TG aluminium pan at a scan rate of 10 ºC/min.
Materials: All preparations were carried out using standard Schlenk line and air-sensitive chemistry techniques under nitrogen atmosphere. Tetrahydrofuran and dichloromethane were dried using a solvent purification system. Column chromatography was carried out using Silica 60A (particle size 35-70 µm, Fisher, UK) as the stationary phase, and TLC was performed on pre-coated silica gel plates (0.25 mm thick, 60 F254, Merck, Germany) and observed under UV light. Brominated monosulfonyltruxenes were synthesized according to procedure describe earlier. [59] All other materials were purchased from commercial suppliers and used without further purification. 
Supporting Information
Supporting Information is available from the Wiley Online Library or from the author. a) EQE roll-off from maximum value to that at 1000 cd/m 2 or at the brightness stated at the subscript, determined by (EQEmax-EQE1000)/EQEmax. Figure 2 . UV-VIS absorption and photoluminescence spectra of studied emitters in neat films, doped films and toluene solutions at r.t. and 77 K. Singlet and triplet excited energies estimated from the onset and maximum peak wavelengths of emission spectra in toluene solution at 300 and 77 K, respectively; i) ΔEST= ES-ET. EQE roll-off from maximum value to that at 1000 cd/m 2 , determined by (EQEmax-EQE1000)/EQEmax. EQE-luminance curves of studied materials.
A new type of high-performance, good solubility and thermally-stable emitters based on novel unsymmetrical heterotruxene core, functionalized with carbazole and diphenylamine are introduced. The EL efficiencies of solution processed devices reach 3.7 % for deep blue emitter and 7.0 % for green emitter with C.I.E. color co-ordinates (0.16, 0.09) and (0.22, 0.40), respectively at 100 cd/m 2 .
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